By means of ion bombardment of clean Au(111) films, atomically flat nanoparticles of various shapes and sizes were created, ranging from several tens of nm 2 down to only a few nm 2 . Both two-dimensional Au islands as well as one-dimensional Au nanowire-like structures have been investigated by means of low-temperature scanning tunneling microscopy and spectroscopy. We were able to probe their local electronic structure in a broad energy range, which was found to be dominated by pronounced size-dependent confinement effects. Mapping of the local density of states revealed complex standing wave patterns that arise due to interference of scattered Au surface state electrons at the edges of the Au nanoparticles. The observed phenomena could be modeled with high accuracy by theoretical particle-in-a-box calculations based on a variational method that can be applied to '2D boxes' of arbitrary polygonal shape and that we have previously successfully applied to explain the electronic wave patterns on Co islands on Au(111). Our findings support the general validity of this particle-in-a-box model.
Introduction
Downsizing of structures from the micro-to the nanometer regime has opened up a fascinating new world of novel electronic and magnetic properties, of which many are still waiting to be explored. The controlled growth and characterization of nanosized particles on surfaces is therefore one of the most active research areas within solid-state physics. A broad variety of nanoparticles is hereby the subject of intensive investigation, including single atoms [1] [2] [3] [4] [5] , nanowires [6] [7] [8] , islands [9] [10] [11] [12] , vacancy islands [13] [14] [15] , clusters [16] [17] [18] [19] [20] [21] , etc. The properties of these particles do not scale linearly with size, but are unique for each particle size and shape and thus cannot be simply extrapolated starting from their well-known bulk counterpart. This is caused by the appearance of quantum mechanical phenomena that start to play a crucial role at this size scale and by the discrete nature of electron charge that starts to dominate the particle's behavior. Systematic investigation of the properties of the nanoparticles as a function of their size and shape is therefore required as well as the development of theoretical models that can explain and predict these properties. For the present work we have relied on scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) for nanoparticle investigation. This combination of scanning probe techniques enables us to reliably study the morphology and electronic behavior of individual nanoparticles with atomic scale resolution when working under ultra-high vacuum (UHV) conditions and at low temperatures.
Several routes can be followed to create nanoparticles of different size and shape on surfaces for a systematic investigation of their properties by means of STM and STS. One often followed route is that of atomic deposition of the material(s) of interest directly onto an atomically flat substrate. Depending on the precise deposition parameters, one obtains either single atoms that can be artificially arranged by controlled manipulation with the STM tip [1, 2] or atomically flat islands of various sizes that are formed by self-organization of the deposited atoms [9] [10] [11] . A very different approach relies on preformed nanometer-sized particles that are grown in the gas phase, commonly referred to as clusters, which can be deposited directly on a suitable substrate. Gas-phase cluster deposition thereby offers a high degree of freedom to finetune the properties of nanostructured materials by selecting the appropriate cluster size, composition, kinetic energy and substrate [17, 18] .
Here, we have created atomically flat Au nanoparticles by mild bombardment of a clean Au(111) surface with 2-4 keV Ar ions, yielding islands consisting of Au substrate material [22] . This way, both Au atomically flat islands and nanowire-like structures are spontaneously formed, yielding an excellent playing ground to investigate the effects of confinement of electrons of the well-known Au surface state [23] [24] [25] to nanoparticles of various shapes and sizes, ranging from several tens of nm 2 down to only a few nm 2 . We were able to probe their local electronic structure with high resolution in a broad energy range, which was found to be dominated by pronounced size-dependent confinement effects. Mapping of the local density of states (LDOS) reveals complex standing wave patterns that arise due to scattering of surface state electrons at the edges of the Au nanoparticles. These observations could be accurately described by particle-in-abox calculations. Previously, the particle-in-a-box model has been successfully applied for electronic structure calculations of Ag islands on Ag(111) by Li et al [9] . More recently, we have demonstrated the applicability of particle-in-a-box calculations for the case of Co nanoislands on Au(111) [12] , based on a variational method [26] that can be applied to '2D boxes' of arbitrary polygonal shape. Our results for Au nanoparticles on Au(111) yield additional support for the general validity of the particle-in-a-box model (Au islands on Au(111), Co islands on Au(111) [12] , Ag islands on Ag(111) [9] and vacancy islands in Ag(111) [13] and in Cu(111) [14] ).
Experimental details

Au(111) substrate preparation
Epitaxially grown, 140 nm thick Au(111) films on freshly cleaved mica were prepared by molecular beam epitaxy (MBE) at elevated temperatures [27] . Sample transfer from the MBE set-up to the low-temperature UHV STM set-up is performed under ambient conditions. The Au(111) surfaces are cleaned in the preparation chamber of the STM set-up by repeated cycles of Ar ion bombardment (at about 4 keV and 10 −6 mbar) and annealing (at about 720 K). The resulting film surfaces consist of atomically flat islands with dimensions up to 500×500 nm 
Low-temperature UHV STM and STS
STM and STS measurements were performed with a lowtemperature STM system (Omicron Nanotechnology). The STM operates under UHV conditions at a base pressure in the 10 −11 mbar range and at low temperatures. For maximum topography and energy resolution, all measurements were performed at low temperatures, both at liquid nitrogen (T sample 78 K) and liquid helium (T sample 4.5 K) temperatures. Mechanically cut PtIr (10% Ir) tips were used, as well as electrochemically etched W tips. The latter were cleaned in situ by repeated flashing well above 1000 K in order to remove the surface oxide layer and additional contamination. STM topographic imaging was performed in constant current mode. Differential conductance images, referred to as maps of the local density of states (LDOS) hereafter, are acquired for selected values of the tunneling voltage V with closed feedback loop by means of harmonic detection with a lock-in amplifier at modulation frequencies in the 800-4000 Hz range and with modulation amplitudes in the 20-100 mV range. Additionally, I (V ) curves are locally recorded with open feedback loop. The bias voltages indicated in the text and figure captions are with respect to the sample, while the STM tip is virtually grounded. Image processing was performed by Nanotec WSxM [28] .
Au nanoparticle nucleation by Ar ion bombardment
Nanometer-sized Au particles (including wires and islands with nanoscale dimensions) are created on Au(111) films by means of Ar ion bombardment. Prior to ion bombardment, the Au(111) films are cleaned in situ as described above. The etching rate can be tuned by changing the ion energy and operating pressure in order to achieve the desired island size distribution and island density.
Figures 1(a)-(d) present a concise overview of the effects of different bombardment conditions on the resulting Au(111) surface topography. For short bombardment times of only a few seconds and ion energies around 2 keV, only very small pits of about 1 nm in diameter can be observed (see figure 1(a) ). For similar bombardment times and higher energies of 3 keV ( figure 1(b) ) and 4 keV ( figure 1(c) ), a sufficient amount of gold is etched from the Au(111) top layer(s) to remain with nanometer-sized individual islands of one monolayer height (1 ML of Au(111) = 0.235 nm) and with diameters ranging from 1 to over 10 nm. The island edges exhibit a preferential orientation according to the three Au(111) symmetry directions and islands with pronounced hexagonal shapes and symmetry can be routinely found.
By comparing figures 1(b) and (c) we find that the created islands appear to have a somewhat broader size distribution when bombarding for shorter times at larger energies. Furthermore, a small amount of narrow and elongated island structures can be found in figure 1(c) , of which some can be considered as 'Au nanowires'. We also note that the island to pit ratio is larger for the latter surface bombardment. For larger bombardment times of around 4 min and energies of 4 keV, the Au(111) surface does no longer consist of large terraces with monatomic high islands and pits. Instead, it is found that the atomically flat upper terraces of the Au film are separated from each other by a multitude of monatomic steps with height differences of 4 nm and more (see figure 1(d) ).
Electron confinement to Au nanowires
We now focus on the atomically flat nanosized islands and nanowire-like structures that are created by means of shorttime (4 s) and high-energy (4 keV) Ar ion bombardment of clean Au(111) films (see figure 1(c) ). An example of such an Au nanowire is presented in figure 2(a) . Its total length is around 50 nm. Figure 2 (a) only shows the most straight and narrow part of the created nanostructure. It can be seen that the nanowire exhibits a small narrowing over a length of around 10 nm in the bottom half of figure 2(a) . The width (measured at half the maximum height of the nanowire) of the wider part is around 4.5 nm, while the narrowest part is around 3.5 nm (see figure 2(b) ), corresponding to a difference in width of only 4 Au atoms. In figures 2(c), (d) and (e) we present LDOS maps recorded at −300 meV, +300 meV and +1500 meV, respectively. Although the variation in width along the length of the nanowire is of the order of one single atom, it clearly has a profound influence on the local electronic properties of the nanowire. Well above the onset of the Au(111) surface state (being −460 meV [24] ), at −300 meV ( figure 2(c) ), the first surface-state-related standing wave patterns are observed in the LDOS. A wavefront of higher LDOS extends from the broad terrace (upper left) into the nanowire. At the narrowest part of the nanowire, however, this wavefront ends. We have measured the nanowire LDOS up to an energy of +1500 meV ( figure 2(e) ), revealing differences in LDOS between the wider and narrower part while the wave patterns become more and more complex. The observed LDOS features are resulting from interference of Au surface state electrons that are scattered at the edges of the nanowire, thus forming standing wave patterns of which the wavelength depends on the electron energy. At fixed energy, a pronounced interference pattern will appear only when its wavelength matches the size of the confining surface structure. The nanowire width is therefore a crucial factor, which determines its electronic properties.
In addition to LDOS maps, we have recorded I (V ) spectra at different positions on the Au nanowire. In figure 2(f) we present the numerical derivative of three I (V ) curves recorded at the nanowire locations indicated in figure 2(a) . The wider regions above and below the narrowest part both reveal a pronounced maximum in the LDOS around −350 meV. In the narrowest part, however, a pronounced maximum around −200 meV is observed. It is clear that these dI /dV (V ) spectra differ strongly from the typical Au surface state LDOS that is observed on defect-free atomically flat terraces (characteristic step-like onset in the LDOS around −460 meV [24] ). We can again attribute this significant difference in LDOS to a onedimensional confinement of Au surface state electrons by the edges of the Au nanowire. The I (V ) measurements therefore confirm that a minor narrowing of the nanowire has a profound influence on its LDOS.
To the simplest level of approximation, we can model the one-dimensional confinement of the quasi-two-dimensional free-electron-like gas of the Au(111) surface state by the edges of the Au nanowire by a one-dimensional square well [29] . The nanosize width L of the well imposes a discretization of its electronic structure. Basic quantum mechanics learns that discrete electronic levels occur at specific eigenenergies
where for the effective electron mass m * and the onset energy E 0 we take the values derived from a fitting of the experimentally obtained dispersion relation of the Au(111) surface state measured on large defect-free atomically flat terraces, yielding m * = 0.23m e (m e is the free electron mass) and E 0 = −460 ± 5 meV [25] . The energy value E 1 obtained from this model nicely corresponds to the observed dI /dV (V ) maximum in figure 2(f) when the width L is taken to be 4 nm and 2.5 nm for the widest and narrowest region of the Au nanowire, respectively. These L values are in between the width measured at half of the maximum nanowire height and the width of the upper atomically flat plateau. The simple particle-in-a-box model appears surprisingly appropriate to describe the influence of electron confinement in Au nanowirelike structures. In terms of the one-dimensional particle-in-abox model, the bright wavefront (higher LDOS) in the wider part of the nanowire around −300 meV in figure 2(c) can be associated with the first eigenstate of the one-dimensional square well.
Finally, it is noteworthy that the LDOS of the Au(111) surface surrounding the nanowire in figure 2(a) reveals deviations from the typical LDOS measured on large atomically flat Au(111) terraces (see figure 3) . This is not too surprising, however, since after Ar ion bombardment the originally large atomically flat terraces of several hundreds of nm 2 are 'decorated' by a high density of islands and pits that confine the Au surface state both within and in between the nanoislands, leading to the appearance of a broadened peak due to lateral confinement instead of the typical step-like onset of the Au(111) surface state at −460 meV. 
Electron confinement to Au nanoislands
In this section we focus on the electronic properties of the two-dimensional atomically flat Au islands that appear in figure 1(c) . In figure 4 we present a topographic image of various Au islands of different sizes and shapes, together with a series of LDOS maps for a broad range of energies from −500 up to +900 meV. Some islands exhibit a pronounced hexagonal shape and symmetry, while other islands reveal deviations from this 'ideal' shape. The surface areas of the labeled islands in figure 4 (defined as the surface area enclosed by the island contour line at half of the island height) range from 44 down to 5 nm 2 . Below the onset of the Au surface state around −460 meV [24, 25] , all islands have a more or less similar LDOS. Around −400 meV, the larger islands exhibit a pronounced LDOS maximum in the island center, while the smaller islands exhibit a similar maximum at higher energies. At more elevated energies, standing wave patterns are formed and the LDOS maps become more and more complex with increasing energy. For all energies, however, it can be clearly observed that the shape of the islands is dominating the Figure 6 . Position of the LDOS maxima in the dI /dV (V ) curves recorded at the center of various hexagonal Au islands for different island sizes, together with a plot of the theoretically expected size dependence for a hexagonal box.
standing wave patterns formed. Moreover, at each energy islands of different sizes show a very different standing wave pattern. Islands labeled 1, 2 and 3 in figure 4 (a) are of similar size and shape and their LDOS shows a more or less similar energy dependence (see also discussion of figure 5 below). Nevertheless, although the difference in size and shape between these three islands may seem negligible, they exhibit a significantly different LDOS pattern at, for example, an energy of +300 meV. The series of LDOS maps in figure 4 clearly illustrates the role of island size and shape in the confinement of Au surface electrons to nanoscale Au islands.
Apart from LDOS mappings we have also performed detailed dI /dV (V ) measurements. Figure 5 presents an overview of spectra that are recorded at the center of various islands of different sizes. Labeled spectra are taken at the correspondingly labeled islands in figure 4(a) . Island sizes are indicated for each spectrum together with the energy value of the maxima. Relying on the particle-in-a-box model [9, 26] , it can be shown that only a specific selection of eigenstates dominates the LDOS at the center of the island interior because of the symmetry of the island: the first three LDOS maxima at the center of an island with hexagonal symmetry hence reflect the first, fourth and tenth eigenstate of the island. Since the here-presented Au islands exhibit an approximately hexagonal symmetry, the first three maxima in all the presented dI /dV (V ) spectra can be related to these three eigenstates. From figure 5 it is clear that the maxima shift towards higher energies for islands of smaller size. Also note from the first three spectra in figure 5 that the LDOS recorded at the island centers is influenced only slightly by the small differences in island size and shape. Figure 6 presents an overview of the energy values of dI /dV maxima measured at the center of all systematically investigated Au islands as a function of island size. Relying on the particle-in-a-box approach of Lijnen et al [26] , the eigenvalues for a two-dimensional hexagonal box were calculated. The theoretically expected discrete energy levels of the island can then be inferred from the relation (in atomic units):
where denotes the surface area of the Au island under investigation and the λ n values correspond to the eigenvalues of the island. Relying on equation (2), the theoretically expected size dependence of the energy of the first, fourth and tenth eigenstates can be derived (see solid curves in figure 6 ). The first, fourth and tenth eigenvalues are taken from [26] and are indicated at the corresponding curve. The values for E 0 and m * /m e are again those obtained from the fitting of the parabolic E(k ) dispersion to the experimentally determined dispersion of the Au(111) surface state (see also section 3) [25] . It can be seen from figure 6 that the experimental data fit well to the theoretically calculated energy values.
Finally, we have performed detailed particle-in-a-box calculations for one of the investigated Au islands, for which the topographic image and a height profile are presented in figure 7(a) . The island has a surface area of 38 nm 2 . Figures 7(b) -(f) (left) present a series of experimental LDOS maps (recorded at the indicated energies) of the hexagonal island. Figures 7(b) -(f) (right) present the results calculated based on the particle-in-a-box model [26] for a hexagonal box having the same surface area. Experimental values for the surface state onset E 0 (−460 meV) and effective electron mass m * (0.23m e ) were used for the model-based calculations. A Lorentzian broadening (δ i = 0.1E i ) of the eigenenergies E i was included to mimic the experimental broadening induced by the applied ac modulation. Theory and experiment reveal a striking similarity for the here-investigated energy range, proving that the particle-in-a-box description is very well suited to describe the electronic properties of Au nanosized islands on Au(111).
Conclusions
We have performed a detailed investigation of the electronic properties of Au nanoparticles on Au(111) by means of lowtemperature STM and STS. Bombardment of clean Au(111) films with high-energy Ar ions for a few seconds yields 2D hexagonally shaped Au nanoislands and a limited amount of 1D Au nanowire-like islands. Their electronic structure reveals discrete energy levels as a result of strong electron confinement within the nanosize particles. Energy levels shift to higher energies with decreasing particle size. Scattering of surface state electrons by the edges of the nanoparticles causes the formation of complex standing wave patterns. These patterns reflect the shape of the nanoparticle and increase in complexity with increasing energy. Theoretical particlein-a-box model calculations based on a newly developed variational method [26] are able to account for the observed electronic behavior of the nanoparticles and can model with high accuracy the energy-dependent standing wave patterns. These findings provide additional evidence for the general validity of the particle-in-a-box model.
